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We experimentally study the transport features of electrons in a spin-diode structure consisting 
of a single semiconductor quantum dot (QD) weakly coupled to one nonmagnetic (NM) and one 
ferromagnetic (FM) lead, in which the QD has an artificial atomic nature. A Coulomb stability 
diamond shows asymmetric features with respect to the polarity of the bias voltage. For the regime 
of two-electron tunneling, we find anomalous suppression of the current for both forward and reverse 
bias. We discuss possible mechanisms of the anomalous current suppression in terms of spin blockade 
via the QD/FM interface at the ground state of a two-electron QD. 

PACS numbers: 



The control of spin degree of freedom in 
semiconductor-quantum-dot (QD) systems, i.e., ar- 
tificial atoms and molecules, has been widely studied 
for future spin-based quantum information process- 
ing techniques and semiconductor-based spintronic 
applications. 13, @, 0, IH, @] Employing a weakly coupled 
double QD system, Ono et al. achieved that one 
QD works as a spin injector with fully spin-polarized 
electrons and another acts as a spin filter, in which the 
electron transport from the |> state in the injector 
to the I Is, |> state in the filter is suppressed signifi- 
cantly, i.e., spin blockade based on Pauli exclusion. [3] 
On the other hand, even for single QD systems, QD spin 
filters have also been proposed, [8] and Hanson et al. have 
demonstrated a bipolar spin filter using a few-electron 
QD and its Zeeman splitting. [9] By combining the 
nature of QDs with spin-polarized electrons injected 
from ferromagnetic (FM) leads, further interesting 
phenomena arise, [sl, [TO, El, 12] When spin-polarized 
current flows through a QD state, the tunneling of 
electrons can be affected by spin conservation. When 
the spin orientation of electrons in a QD state is opposite 
to that of the FM lead, the spin transport between 
them is restricted. As a result, current suppression 
can occur. For asymmetric nonmagnet (NM)-QD-FM 
systems, i.e., a spin-diode structure with a semiconduc- 
tor QD, strong current suppression has been predicted 
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theoretically, [sl, [TO, [O, [11 giving rise to diode-like 
current-voltage characteristics. However, due to the 
difficulties in fabricating semiconductor-QD spin-diode 
structures, no precise experimental evidence has been 
found for current suppression associated with the spin 
states on the QD and the spin-polarized electrons. 

Recently, we combined a single self-assembled semi- 
conductor (InAs) QD with FM metal (Ni or Co) 
source-drain reservoirs by fabricating lateral spin- valve 
devices, pisl fl3. flEj Clear Coulomb blockade characteris- 
tics were demonstrated even for FM leads at low tempera- 
tures. In addition, a tunneling magnetoresistance (TMR) 
effect originating from spin transport through the single 
semiconductor QD was observed and could be tuned by 
the gate voltage. [13, 14] We also found that the TMR 
effect depends on the Coulomb blockade characteristics 
and discrete energy levels in a QD.[l5| Furthermore, such 
devices can realize experimental detection of the Kondo 
effect between electrons in the QD and FM leads. 
Overall, these results are lar gely consistent with theoret- 
ical predictions. fl2l, [13, [H, IH S Uli Hence, this lat- 
erally fabricated QD device structure is an ideal system 
to experimentally study the theoretical predictions. To 
explore the feasibility of a rectifier for spin current and 
other devices, we should fabricate a spin- diode structure 
using our device concepts pisl, ITBI, llq and investigated 
their transport features. 

In this Letter, we present the first measurements of 
electron transport properties for a semiconductor-QD 
spin-diode structure. A few-electron QD with shell- 
dependent addition energy can be obtained, and we can 
experimentally examine correlations between the electron 



2 




Electron number 



FIG. 1: (a) Scanning electron micrograph of the lateral NM- 
QD-FM system. The dot size is ^ 130 nm. (b) Addition 
energy of electrons vs. electron number for the QD used in 
this study. 



transport features and orbital states in the QD spin- 
diode structure. Asymmetric current-voltage character- 
istics are observed with respect to the polarity of the bias 
voltage. For the regimes of two-electron tunneling, we 
find anomalous suppression of the current for both for- 
ward and reverse bias. We discuss possible origins of the 
anomalous current suppression in terms of spin blockade 
for electron transport in the NM-QD-FM system. 

Self-assembled InAs QDs were grown on a sub- 
strate made of 170-nm-thick GaAs buffer layer /90-nm- 
thick AlGaAs insulating layer/n+-GaAs(001). The n+- 
GaAs(OOl) is utilized as an electrode for backgate voltage 
(Vg). On this wafer, we fabricated many nanogaps con- 
sisting of wire structures for source-drain electrodes of 
the QD by conventional electron-beam lithography. Us- 
ing shadow evaporation techniques and a lift-off method, 
we produced NM metal (Au/Ti)-QD-FM metal (Ni) 
nano-junctions as shown in Fig. 1(a). Detailed schematic 
diagrams of a similar device structure for FM-QD-FM 
systems have been described in our previous works. [13, 
[15] To get a single domain structure for the FM lead, 
we used a long wire shape of 200 nm x 20 /im. All the 
transport measurements were performed by a dc method 
in a ^He-^He dilution refrigerator at 50 mK. External 
magnetic fields (B) were applied parallel to the long axis 
of the wires in the film plane. 

We first measured the current (/) as a function of Vq 
at a source-drain bias voltage (Fsd) of 100 /iV at 5 = 
T. With increasing Vq from V, Coulomb oscillation 
peaks up to 7-8 were observed before the marked leak 
current was detected; each electron is added to the QD 
at the of the Coulomb peak one by one, i.e., it func- 
tions as a single electron transistor. There is no conduc- 
tion (/ ^ 0.1 pA) with decreasing Vq from V. Hence, 
we assigned an absolute electron number {N) in the QD. 
Figure 1(b) shows the addition energy (£^add) vs. N. We 
can see clear peaks at = 2 and 6, and can attribute 
the two peaks to the shell-dependent energy change of the 
QD, as previously shown in a vertical QD system with 
two-dimensional harmonic potential walls. [1] The level 
degeneracies of the s and p shells in the QD are identified 
as the peaks at A/" = 2 and 6, respectively. The charging 
energy of the s state is ~ 21 meV and the energy differ- 
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FIG. 2: (Color online) (a) Differential conductance dl/dVsD 
as a function of Vsd and V^g measured at 50 mK. The red and 
blue regions are the dl/dYsD > and dl/dYsD < regimes, 
respectively. The forward and reverse bias show the electron 
transport features from the FM to the QD and from the QD 
to the FM, respectively, (b) and (c) are representative I-Vsn 
characteristics at Vg = 0.75, 0.85, 0.95, 1.05, and 1.30 V in 
the forward and reverse bias regimes, respectively. 



ence between the s and p orbitals is estimated to be ~ 
33 meV, consistent with previous work for Au/Ti— InAs 
QD-Ti/Au systems. [22^ 

Figure 2(a) shows the differential conductance 
{dl/dVsB) as a function of Vsd and Vq^ i-e., a Coulomb 
stability diamond (CD), in the few-electron QD regime, 
measured at B = 8.5 T. This is the first experimen- 
tal transport measurement for semiconductor- QD spin- 
diode structures. The white regions labeled by the num- 
bers 0, 1, and 2, indicate the Coulomb blockade regions. 
Large asymmetries of the conduction changes can be seen 
with respect to the direction of Fsd, and regions with 
dl/dV SB < (blue regions), i.e., negative differential 
conductance (NDC), are exhibited markedly in the re- 
verse bias regime. Here, we measured CD for various 
5, and clearly observed Zeeman energy splitting AEz 
= gfiBB {jiB is Bohr's magneton) and the relevant ex- 
cited states for both bias regimes. [23| Similar features 
for a few-electron QDs have been reported by Hanson et 
a/. [9] Since the observed A^z depended linearly on B 
(see- Appendix, Fig. 5), we roughly determined an effec- 
tive g-factor of the QD, |g|= 4.65.(23 

Firstly, we note that although region A, enclosed by 
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FIG. 3: (Color online) Schematic diagrams of spin blockade 
under (a) forward and (b) reverse bias. For simplicity, the 
FM electrodes are illustrated as HMFs. 



a black dashed line in the forward bias regime, includes 
transitions from the one-electron tunneling to the two- 
electron tunneling, we cannot see any evident conduc- 
tance changes showing diamond borderlines. To further 
examine this anomaly, we display representative I-Vsb 
characteristics for various Vq in Fig. 2(b) toward higher 
VsB' The black dashed curve shows the data measured 
at Vg = 1-30 V. This data includes the linear transport 
regime, exhibiting a A/" = 1^2 transition at Vsd ^ 
V as well as two Coulomb staircases. The current jump 
at Vsd ~ 38 mV represents the onset of the regime of 
two-electron tunneling where the current originates from 
the fluctuation of A/" in the QD, with A/" = 0, 1, or 2. The 
^-^SD curves for 0.75 V < Vq ^ 1-05 V show different 
features in the relevant Vsb regime. If a diamond bor- 
derline was seen in Fig. 2(a), we should observe current 
jumps at the arrows depicted in Fig. 2(b), where the 
color of the arrows corresponds to those of the data. In 
short, the current jumps showing the two-electron tunnel- 
ing seem to be suppressed in the region A. We confirmed 
the suppression of the current jumps at the diamond bor- 
derline in the region A even at zero-field (see- Appendix, 
Fig. 6), where the magnetic moments of the wire-shaped 
FM lead were aligned to the long axis of the wire because 
of its strong shape anisotropy. 

Next, we consider the region B in the reverse bias 
regime. The /-Vsd characteristics including the rele- 
vant region are shown in Fig. 2(c). The black dashed 
curve is the same data as shown in Fig. 2(b) (Vq = 1-30 
V). With increasing negative Vsd, we can see Coulomb 
staircase-like current changes. The current increases sig- 
nificantly at Vsd ~ — 45 mV, which also shows the on- 
set of two-electron tunneling. For the data for 0.75 V 
< Vg ^ 1.05 V, however, the current increase showing 
the onset of two-electron tunneling cannot be found at 
the arrows depicted in Fig. 2(c). From these results, 
we conclude that there are mechanisms restricting two- 
electron tunneling in the two-electron QD regime for our 
QD spin-diode structure. Such restricted current flow 
could not be seen in previous Au/Ti— InAs QD— Ti/Au 
systems. [22] 

To discuss the anomalous suppression of the current 
jumps due to the onset of two-electron tunneling, we 
take into account spins on the QD. Figures 3(a) and (b) 
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FIG. 4: (Color online) Enlarged /-Vsd characteristics for 
various Vg in (a) forward and (b) reverse bias. 



show schematic diagrams of spin transport expected for 
the two-electron tunneling regime under a forward bias 
and a reverse bias, respectively. For simplicity, we illus- 
trate the case using a half-metallic ferromagnet (HMF) 
as the FM lead. We assume that the spin relaxation 
time is longer than the typical time it takes an electron 
to tunnel into and out of the QD. As the electrons are 
injected from the FM lead to the QD at a forward bias, 
the tunneling rate of the electrons depends on the spin 
states in the QD because the electrons in the FM lead 
are spin polarized. For the two-electron QD regime, in 
general, the Is orbital level has a ground state of (j, |), 
a spin singlet and total spin S = 0,[l|, [Ij] as confirmed by 
the artificial atomic nature shown in Fig. 1(b). Thus, 
the tunneling rate of the spin-up electrons from the FM 
lead into the |> state is generally slow, based on 
spin selective tunneling. Namely, the spin blockade in 
the QD state can be inferred [Fig. 3(a)], causing cur- 
rent suppression. For reverse bias, a different scenario 
can be considered. Since the transport of electrons from 
the NM lead to the QD is not limited, both spin-up and 
spin-down electrons can enter the QD states, t> and 
I Is, |>, leading to a spin singlet for the two-electron QD 
regime. For spin transport from the QD to the FM lead, 
however, the tunneling rate of the spin-down electrons 
is slower than that of the spin-up electrons because the 
band structure of the FM lead at the Fermi level is spin 
polarized. Once the |> in the QD is occupied with 
the spin-down electrons, it can be difficult to tunnel out 
of the QD through the barrier [Fig. 3(b)], i.e., single spin 
saturation occurs. [TO, [O, [lH As a consequence, the next 
spin-down electrons cannot enter the j> state in the 
QD, so that the current is also suppressed. This phe- 
nomenon is also one contribution of the spin blockade. 
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We concentrate again on the forward bias data to fur- 
ther examine the anomalous suppression of the current 
in detail. Figure 4 (a) displays an enlarged figure of the 
^~^SD characteristics for various Vq^ where three of the 
data sets correspond to the data shown in Fig. 2(b). 
Paying attention to detailed changes in the current, we 
find two critical current values, illustrated as light green 
and blue dashed lines, which we denote as Ii ^ 65 pA 
and I2 ~ 80 pA. It should be noted that the value of Vsd 
at which the current increase from Ii to I2 occurs nearly 
corresponds to the crossing of the diamond borderline 
shown in Fig. 2(a) (see the pink, red, and blue arrows). 
If the FM lead was HMFs, the current would remain Ii ~ 
65 pA in the whole region, by the spin blockade shown 
in Fig. 3(a). However, we actually use a Ni lead in the 
presence of the minority spin band at the Fermi level. In 
this context, we suggest that the current increases can 
be associated with ideal current jumps from the transi- 
tion from one-electron tunneling to two-electron tunnel- 
ing, and can be regarded as a consequence of the pres- 
ence of minority spin transport. We can roughly estimate 
the contribution of the minority spin transport to the en- 
hanced current to be {1 2 - /i)//i ~ 0.23, where Ii refiects 
the complete spin blockade in the two-electron tunneling 
regime. This value is nearly consistent with the values 
of 0.25-0.4, estimated from the spin polarization of Ni 
electrodes, Pm = 0.2-0.5. [25j 

Next, we focus on the detailed features for reverse bias. 
Shown in Fig. 4(b) is an enlarged figure of the /-Vsd 



characteristics for various Vq (near Vq = 1.05 V and 
1.30 V). Taking into account Fig. 2(a), we can regard the 
absolute current (~250 pA), indicated by the black-arrow 
region in Fig. 4(b), as a consequence of one-electron 
tunneling. In the two-electron tunneling regime, an en- 
hancement in the absolute current (~100 pA), indicated 
by the pink-arrow region, can also be observed. Since 
the ratio of the current increase can be estimated to be 
~ 0.4 (^100/^250) in the two-electron tunneling regime, 
we can interpret that this feature can also be attributed 
to the infiuence of minority spin transport. 

Finally, we comment on the sudden changes in 
dl/dVsB in Fig. 2(a) at the conditions indicated by the 
black arrows. With increasing Vsd from the above two 
conditions of the current suppression, an infiuence due 
to the excited states (t, T)? spin triplet and total spin 
6* = 1 on the current fiowing can be considered. If the 
spin triplet is related to the electron transport, the spin 
blockade discussed above cannot be realized for the two- 
electron QD regime in this NM-QD-FM system. Further 
understanding of the effect of the excited states on the 
transport features is required. 

In summary, we have fabricated a semiconductor- QD 
spin-diode structure and examined its electron transport 
features. We detected anomalous suppression of the cur- 
rent in a two-electron QD regime. We discussed possible 
origins of the current suppression induced by spin block- 
ade for the ground state of the two-electron QD. 



[1] S. Tarucha, D. G. Austing, T. Honda, R. J. van der 
Hage, and L. P. Kouwenhoven, Phys. Rev. Lett. 77, 3613 
(1996). 

[2] L. P. Kouwenhoven, D. G. Austing, and S. Tarucha, Rep. 
Prog. Phys. 64, 701 (2001). 

[3] D. Goldhaber-Gordon, H. Shtrikman, D. Mahalu, D. 
Abusch-Magder, and M. A. Kastner, Nature (London) 
391, 156 (1998). 

[4] T. Fujisawa, D. G. Austing, Y. Tokura, Y. Hirayama, 
and S. Tarucha, Nature (London) 419, 278 (2002). 

[5] J. R. Petta, A. C. Johnson, J. M. Taylor, E. A. Laird, A. 
Yacoby, M. D. Lukin, C. M. Marcus, M. P. Hanson, and 
A. C. Gossard, Science 309, 2180 (2005). 

[6] F. H. Koppens, C. Buizert, K. J. Tielrooij, L T. Vink, K. 
C. Nowack, T. Meunier, L. P. Kouwenhoven, and L. M. 
K. Vandersypen, Nature (London) 442, 766 (2006). 

[7] K. Ono, D. G. Austing, Y. Tokura, and S. Tarucha, Sci- 
ence 297, 1313 (2002). 

[8] P. Recher, E. V. Sukhorukov, and D. Loss, Phys. Rev. 
Lett. 85, 1962 (2000). 

[9] R. Hanson, L. M. K. Vandersypen, L. H. Willems van 
Beveren, J. M. Elzerman, L T. Vink, and L. P. Kouwen- 
hoven, Phys. Rev. B 70, 241304(R) (2004). 
[10] W. Rudzinski and J. Barnas, Phys. Rev. B 64, 085318 
(2001). 

[11] F. M. Souza, J. C. Egues, and A. P. Jauho, Phys. Rev. 

B 75, 165303 (2007). 
[12] L Weymann and J. Barnas, J. Phys. Condens. Matter. 



19, 096208 (2007). 
[13] K. Hamaya, S. Masubuchi, M. Kawamura, T. Machida, 
M. Jung, K. Shibata, K. Hirakawa, T. Taniyama, S. 
Ishida, and Y. Arakawa, Appl. Phys. Lett. 90, 053108 
(2007). 

[14] K. Hamaya, M. Kitabatake, K. Shibata, M. Jung, M. 
Kawamura, K. Hirakawa, T. Machida, T. Taniyama, S. 
Ishida, and Y. Arakawa, Appl. Phys. Lett. 91, 022107 

(2007) . 

[15] K. Hamaya, M. Kitabatake, K. Shibata, M. Jung, M. 
Kawamura, S. Ishida, T. Taniyama, K. Hirakawa, Y. 
Arakawa, and T. Machida, Phys. Rev. B 77, 081302(R) 

(2008) . 

[16] K. Hamaya, M. Kitabatake, K. Shibata, M. Jung, M. 
Kawamura, K. Hirakawa, T. Machida, T. Taniyama, S. 
Ishida, and Y. Arakawa, Appl. Phys. Lett. 91, 232105 
(2007). 

[17] H. Imamura, S. Takahashi, and S. Maekawa, Phys. Rev. 

B 59, 6017 (1999). 
[18] A. Brataas, Y. V. Nazarov, J. Inoue, and G. E. W. Bauer, 

Phys. Rev. B 59, 93 (1999). 
[19] J. Barnas, J. Martinek, G. Michalek, B. R. Bulka, and 

A. Pert, Phys. Rev. B 62, 12363 (2000). 
[20] J. Martinek, J. Barnas, S. Maekawa, H. Schoeller, and 

G. Schon, Phys. Rev. B 66, 014402 (2002). 
[21] J. Martinek, Y. Utsumi, H. Imamura, J. Barnas, S. 

Maekawa, J. Konig, and G. Schon, Phys. Rev. Lett. 91, 

127203 (2003). 



5 




y^jyimW) f^D(mV) ^D(mV) 

FIG. 5: [Appendix Figure] Coulomb stability diamond (CD), in the few-electron QD regime, measured at various applied 
magnetic fields. The energy splittings for both bias regimes can be clearly seen, as described in Ref.23. 
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FIG. 6: [Appendix Figure] Differential conductance dl/dYsD 
as a function of Vsd and Vg measured at B = T. 



